Abstract--Six standard polytypes of micas exist that have c-periodicities between 1 and 6 layers; these can be subdivided into groups A and B according to whether the octahedral cations are in the same set of positions in every layer or altemate regularly between I and II possible sets of positions (alternate slant directions), respectively. Correspondingly, 12 standard polytypes exist for 1:1 layers of the serpentinetype structures, which are divisible into four groups A-D. Groups A and B differ as in the micas, as do groups C and D. Groups A and B have +a/3 interlayer shifts, whereas groups C and D have zero or +b/3 interlayer shifts. Six structural types of semi-randomly or regularly stacked l-layer chlorites exist that differ in the slant of the interlayer sheet (I or II) and its position (a or b) relative to 6-member rings in adjacent 2:1 layers.
INTRODUCTION
Criteria can be established that simplify the identification of the polytypes of the mica, chlorite, and serpentine-group minerais by single crystal and powder X-ray diffraction techniques. In the structures of the trioctahedral hydrous phyllosilicates all the octahedral cations and anions repeat at uninterrupted intervals of b/3. The tetrahedral cations repeat at intervals of b/3 also, but the sequence is interrupted by vacancies corresponding to the centers of hexagonal rings. The basal oxygens of the tetrahedral sheets do not repeat at intervals of b/3, however, and this difference allows easy separation of the periodicities of the octahedral and Copyright 9 1988, The Clay Minerals Society tetrahedral portions of polytypic structures by examination of X-ray diffraction reflections of index k = 3n and k § 3n, respectively. (For convenience, all reflections discussed below are indexed on orthohexagonal axes, even if the true symmetry is hexagonal, trigonal, or rhombohedral. Unless otherwise noted, h and k indices refer to a unit cell in which the X axis has a ~ 5 and the Y axis has b ~ 9/k.) For relatively undistorted structures, such as most trioctahedral species, the octahedral cations and anions can be calculated to diffract in phase with one another only for reflections of index k = 3n. Thus, these ions contribute strongly to the intensities of reflections of index k = 3n, but not at all to those of index k # 3n.
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Tetrahedral cations, basal oxygen atoms, and mica interlayer cations contribute to the intensities of all reflections, but are the only contributors to those of index k ~ 3n. For more distorted structures, including some trioctahedral species and most dioctahedral species, this clear-cut distinction breaks down. It is still true, however, that the intensities and periodicities along Z* of reflections of index k = 3n are dominated by the contributions of the octahedral cations and anions and that those of index k v~ 3n are dominated by the contributions of the tetrahedral cations and their basal oxygens.
Stacking of adjacent layers in different ways to produce polytypes creates differences in the unit-cell c repeat distances, which take into account the periodicities along Z of both the octahedral cations and the basal oxygens. For the common, standard polytypes the periodicity along Z of the octahedral cations (as determined from k = 3n reflections) is always 1-or 2-layer thicknesses, depending on whether the octahedral cations are in the same set of positions in every layer or alternate regularly between the two possible sets (see below) in adjacent layers. The periodicity along Z between exactly repeating planes of basal oxygen atoms (as determined from k v~ 3n reflections), on the other hand, is equal to a variable number of layer thicknesses for the standard polytypes, depending on the precise sequence of layer rotations and shifts present in each polytype. Determination of these two kinds of periodicities and observation of the intensities are sufficient to identify all of the individual standard polytypes, provided only that the layer sequences are regular and that the relatively weak k ~ 3 n reflections are in fact discrete and of observable intensity.
In the following sections the micas, serpentines, and chlorites are discussed as cases of increasing complexity in the degrees of freedom governing layer superpositions. The individual polytypes will be derived only to the extent necessary to present a complete picture. Emphasis will be placed on illustration of the important criteria needed for identification.
MICA POLYTYPES
Derivation of six standard polytypes
The crystal structure of a mica consists of negatively charged 2:1 layers that are charge-compensated and bonded together by large, positively charged interlayer cations (Figure la) . Medium-size cations may occupy either the set I or set II positions within the octahedral sheet of the 2:1 layer, as defined in Figure lb relative to a fixed set of lateral axes. Note that as defined in this manner the set I and set II octahedral positions outline oppositely oriented triangles around the central OH group of each 6-member ring. The corners of the set I triangles point along the positive directions of a set of three hexagonal X axes 120 ~ apart and those of set II along the negative directions of the same axes. The upper tetrahedral sheet is staggered by a/3 relative to the lower tetrahedral sheet in order to provide octahedral coordination around these cations. The direction of stagger may be along the negative directions of any of the three hexagonal crystallographic axes X,, ~r2, or X 3 if the set I octahedral positions are occupied (Figure lc) , or along the positive directions of the same axes if the set II octahedral positions are occupied (Figure 1 d) . Because the octahedral sets transform into each other by rotations of the layer by +60 ~ or 180 ~ the important distinction is whether the same set of octahedral positions is occupied in every layer or whether there is a regular alternation between sets I and II in adjacent layers. Smith and Yoder (1956) showed that only six standard mica polytypes exist which have regular stacking of layers that can be formed with periodicities between one and six layers along Z. This derivation assumes that only one interlayer stacking angle, positive or negative, is permitted in a given crystal for layers of ideal hexagonal geometry and that the micas are trioctahedral with no cation ordering. The interlayer stacking angle is defined as the angle, as measured in a clockwise direction in [001] projection, between two vectors in adjacent layers that are directed from the center of a hexagonal ring in the lower tetrahedral sheet to the center of a ring in the upper tetrahedral sheet in each layer. Figure 2 shows diagrammatically the six possible patterns of vectors that lead to different mica polytypes. The first layer of each structure is the same, with the set I octahedral positions occupied and the a/3 stagger directed along -X,. On the left side of the diagram the a/3 vector is restricted to one X axis. In the middle of the diagram shifts are permitted along two X axes, and on the right side shifts are shown along all three Xaxes. The three upper polytypes (1M, 2M,, and 3T) have the same set of octahedral positions occupied in every layer. These will be termed group A micas. The three lower polytypes (2Or, 2M2, and 6H) have a regular alternation of occupied octahedral sites I and II in adjacent layers and will be termed group B micas. Most micas adopt the structures of one or the other of the six standard polytypes, with group A polytypes being much more abundant than those of group B (Bailey, 1984) .
The relative stacking angles also can be considered as indicating relative rotations of the 2:1 layers. Ross et al. (1966) devised a notation system for mica polytypes based on stacking angles or layer rotations in which any sequence of layers can be indicated by a sequence of numbers that are defined as follows: 0 = 0 ~ angle + 1 = +60 ~ angles + 2 = + 120 ~ angles 3 = 180 ~ angle.
These number sequences are listed between brackets for each polytype in Figure 2 . The original derivation of the mica structures by Smith and Yoder (1966) emphasized layer rotations rather than occupation of different sets of octahedral cation positions. The group A micas of the present derivation in which the octahedral cations are in the same set of positions in every layer correspond to relative layer rotations of 0 ~ or _+ 120 ~ (the even symbols of Ross et al., 1966 , of 0 or +2).
Group B micas in which the octahedral cations alternate regularly between the sets I and II in adjacent layers are only possible with relative rotations of 180 ~ or +60 ~ (the odd symbols of Ross et al., 1966, of 3 or +_ 1) . The usage of different octahedral cation sets is preferred here both because it is closer to the actual growth mechanism in micas (the layers do not rotate as they form!) and because the concept can be extended easily to polytypes of serpentines and chlorites where the concept of layer rotations is not always applicable. Although trioctahedral compositions and ideal hexagonal geometries are assumed in the derivation of the six standard mica polytypes, dioctahedral micas have been found to have the same space-group symmetries as their trioctahedral counterparts. This is due to the location of the vacant octahedron always at trans site M 1 on the symmetry plane of each layer. This arrangement distorts the geometry of the layer but does not reduce the space-group symmetry. Figure 2 fixes the relative positions of all layers and of their constituent atoms. This arrangement permits calculation of the diffraction intensities to be expected for each polytype, and the intensities may then be used for identification purposes. Discrimination between group A and group B micas is the first step in identification and can easily be carried out by examining the periodicity within the strong reflections having indices with k = 3n. Because all the octahedral cations and anions repeat at intervals of b/3 (Figure 1 ), they contribute strongly to reflections of index k = 3n. For all group A polytypes the periodicity along Z will be about l 0 /~ (the thickness of one layer) for these reflections, because each layer has the same set of octahedral positions occupied in every layer (Figure 3 , left side). For all group B polytypes the periodicity for these reflections will be about 20 ~, which is the periodicity along Z for a regular alternation of sets I and II octahedral positions in adjacent layers (Figure 3 , right side).
Identification by single-crystal precession films
The X-ray precession camera provides an especially convenient and quick method for polytype identification if single crystals are available. A mica flake mounted on a fiber normal to the (001) cleavage allows the reciprocal Z* axis (the fiber axis) to be set horizontal and parallel to the dial axis of the camera. Any of the lateral X* and Y* axes can then be positioned approximately vertical and in the plane of the film by rotation about Z*. Figure 4 shows observed and calculated hOl reflections for group A and group B micas; the difference in periodicity along Z* for the two groups is readily apparent. The diffraction photographs are in reciprocal space, so that a doubling of a repeat distance in the structure is shown by a halving of the repeat distance on the film. Exactly the same patterns would be obtained by rotating the crystals by • ~ around Z* to bring either of the other two pseudohexagonal X* axes into the plane of the film (except for 2M2). Identification of the three individual polytypes within each group in some samples can be made by comparison of the intensities of the strong k = 3 n reflections with those calculated for each polytype of a specific composition. It is only the periodicities of these reflections, not the intensities, that are identical for the polytypes within each group unless the compositions are identical. Lacking such calculated values for comparison, polytype identification also can be made from the periodicity of the slightly weaker k ~ 3n reflections. These reflections are a measure of the periodicity along Z for planes of atoms that do not repeat at intervals of b/3, namely the basal oxygens. If the layers are rotated relative to one another, as they must be for multilayer micas, the spacing between exactly repeating basal oxygen surfaces will be some multiple of l 0 / k and can be measured from the periodicity of the k § 3n reflections. Figure 5 illustrates the diagnostic 0 2 / a n d 04/row lines for the six standard mica polytypes. Rotation of the crystal by +60 ~ around Z* to bring one of the other pseudo-Y* axes into the plane of the film will give an identical pattern only if the resultant symmetry is trigonal (3T) or hexagonal (6H). For monoclinic and orthorhombic symmetry, the true Y* axis is unique according to its Okl precession pattern and must also be parallel to an optical extinction direction. The 00l reflections exhibit a 10-/~ periodicity along Z* for all polytypes because these indices are not sensitive to variations in the X and Y positions of the layers. A glide plane oriented parallel to (100) of the 2 0 r structure gives an incorrect answer of I0 A for the periodicity of the basal oxygens using 02l and 04l reflections. This is due to systematic extinction by the glide plane of Okl reflections having 1 = odd integers. Other k ~ 3n reflections with h § 0 must be used instead (e.g., by rotating the precession dial by 60 ~ to bring 11 l and 22l row lines into the plane of the film) to obtain the true periodicity of 20 ,~. Note also that extra reflections with h = odd or k = odd indices are present on the 2 0 r patterns in Figures 4 and 5. These violate the systematic extinctions due to a C-centered unit cell and show that the true type cell is primitive as a consequence of ordering in this crystal.
In the 2M2 polytype the monoclinic symmetry plane is perpendicular to the 5-,~ lateral axis normally designated X (Figure 2 ), and the normal X and Y axes must be reversed to give the symmetry plane its conventional (010) index ( Figure 5 ). Because of this axis reversal, the h and k indices of the reflections used to measure the periodicity of the octahedral cations and basal oxygen planes along Z also must be reversed. Also, a c-glide plane in the 2M2 structure in the same orientation as in the 2 0 r structure [but now labeled as parallel to (010) because of the axis reversal] causes systematic absences similar to those in the 20rpatterns (but now labeled as hOl reflections with l = odd integers absent). The true periodicity (20 A) of the basal oxygen planes must be determined from other k = 3n reflections for which the k index is not zero (e.g., by rotating the precession dial by 60 ~ to bring 13l and 26l row lines into the plane of the film).
Distortion of the ideal hexagonal geometry of layers shown in Figure 1 can occur as a consequence of ordering of cations or of cations and vacancies (as in all dioctahedral micas). This distortion can cause those reflections of index k = 3n that would have zero intensifies for ideal geometry in a multi-layer group A mica to have observable intensities that indicate the true layer periodicity of the basal oxygens (as in the 06l reflections of the 2Mj and 3 T polytypes of muscovite and lepidolite shown in Figure 5 ).
Twinning is very common in micas and may cause extra spots on the film. Twinning by ---120 ~ rotation of layers about the normal to (001) simulates a periodicity that is three times that of the actual periodicity for monoclinic micas. If layer distortions are present or if the intralayer shifts are not precisely of magnitude a/3, the twinning can be recognized by small deviations from regularity in the shapes and positions of the extra spots (Sadanaga and Tak6uchi, 1961) .
Identification of more complex polytypes in which interlayer stacking angles of different magnitudes are intermixed in the same crystal (equivalent to regular but complex alternation of octahedral cation sets in sequences I, I, II, etc.) requires comparison of their observed space groups, crystallographic angles, and diffraction intensities with those calculated for the specific polytypes. Some of these data were tabulated by Ross et al. (1966) .
The stacking of layers may not be regular, as assumed above for the six standard polytypes, and intralayer a/3 shifts aligned randomly along the three hexagonal X axes [but having the same sense (+ or -) of shift] are especially common in trioctahedral, group A micas. These shifts lead to loss of exact periodicity along Z for the basal oxygen atoms and the consequent degradation of all k ~ 3n reflections into streaks along Z* ( Figure 6 ). The periodicity along Z of atoms repeating at intervals of b/3 is not affected, so k = 3n reflections remain sharp. Micas with random stacking customarily are designated 1Md or Md, but the resulting average symmetry is probably closer to trigonal than to monoclinic for complete randomness in which shifts along X1, X2, and X3 are equally probable. Random stacking is theoretically possible for group B micas also but has not been recognized to date. This stacking would require strict alternation of the + and -sense of the a/3 shifts in adjacent layers, but a random selection of the X,, )(2, and X3 directions of shift. The resulting pattern would be recognizably different from that of group A micas because of the periodicities and intensities of the Figure 7 . Relationship of spots on precession photographs to corresponding lines on a Debye-Scherrer powder pattern. Lines of index k ~ 3n to be useful for identification should be of observable intensity and in a 20 region not subject to overlap by more intense k = 3n lines. Specimen is lepidolite-3T from Ravensthorpe, Western Australia.
k ---3n reflections (as in Figure 4 ). Micas with complete randomness of both the sense and direction of the a/3 shifts represent a third possible ease, for which one would expect an X-ray pattern consisting only of 00l reflections. Intermediate degrees of randomness also are possible.
Identification by X-ray powder diffraction patterns
The radii of circles concentric about the center of precession films give the 20 values of the individual reflections ( Figure 7 ). X-ray powder diffraction patterns therefore will contain the same reflections arranged in order of 20 as arcs of these circles. The intensities may differ from those on the precession films as a result of overlap of reflections and a difference in Lp factor, but the same principles outlined above for single crystals hold for identification of powder patterns. The strong reflections will generally be of index k = 3n and will serve to distinguish group A and group B micas. The intensities of these reflections plus the d-values of the weaker k ~ 3n reflections can be used to recognize individual polytypes within each group. Figure 8 illustrates powder patterns of the muscovite polytypes, and diagnostic d-values indicated by tick marks are listed in Table 1 . The k v~ 3n reflections Figure 8 . Debye-Scherrer photographs of four polytypes of muscovite and phengitic muscovite taken with graphite-monochromated CuKc~ radiation, camera diameter 114.6 mm. See Table 1 for d-values and intensities of marked lines. From Bailey (1980) . Specimens: 2M1 from Custer County, South Dakota; 1M from Fountain Formation, Commerce City, Colorado; 3T from Sultan Basin, Washington; 23/2 from Shakanai mine, Japan.
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, § ~ +x, Figure 9 . Different slants of octahedral sheet within a 1: l type layer relative to a fixed X~ direction, depending on occupation of set I or set II octahedral cation positions.
decay into the background of the pattern for random stacking of layers. Powder patterns of most trioctahedral I M and 3 T micas are virtually identical, as are the calculated patterns of 23//2 and 6 H micas (the 6 H mica has not yet been reported in nature). Differentiation within these pairs requires single crystal study. Micas in which the trans octahedral site M1 is larger than cis site M2 due to a vacancy or larger cation in M 1, however, are suf- ficiently distorted that the 1M and 3 T powder patterns are noticeably different, as for muscovite (Figure 8 ) and lepidolite.
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SERPENTINE-TYPE POLYTYPES
Derivation of 12 standard polytypes
The crystal structures of the planar serpentine structure-type minerals consist of 1:1 layers bonded together by long hydrogen bonds between adjacent hydroxyl and oxygen surfaces. Serpentine structure-type as used here includes all species based on 1:1 layers and is not restricted by composition.
As in the micas, octahedral cations can occupy either the set I or set II positions. Bailey (1963 Bailey ( , 1969 showed for planar 1:1 structures that interlayer hydrogen bonds ii: -I! Figure 11 . Diagrams illustrating differences between periodicities along Z of octahedral cation sets (left-hand arrows for each structure) and of basal oxygen planes (right-hand arrows) for 7-A-thick layers.
can be formed for the following three relative positions of adjacent layers:
1. Shift of the upper layer by a/3 along the fixed axes Xl, X2, or)(3 of the lower layer, with or without rotation of the upper layer. Because of the different slant of the set I and set II octahedra (Figure 9 ), the interlayer shift must be in the negative direction to give hydrogen bonding if the set II octahedra are occupied in the lower layer or in the positive direction if the set I octahedra are occupied. This is the reverse of the shifts of a/3 within 2:1 layers.
2. No shift of the upper layer. The hexagonal rings in the tetrahedral sheets of successive layers are exactly superimposed along Z (aside from possible rotations of +60 ~ or 180 ~ equivalent to changing octahedral cation sets).
3. Shift of the upper layer by +_b/3 along any of the hexagonal Y axes (defined as normal to the three X axes) of the lower layer with or without rotation of the upper layer. If the layers are assumed to be undistorted, shifts along each of the three Y axes give identical results; hence, the particular Y axis used is immaterial. Interlayer shifts along the positive or negative directions of Yare both possible, regardless of the octahedral set occupied in the lower layer.
To limit the total number of theoretical polytypes having regular stacking of layers, the three types of relative layer superposition modes listed above cannot be intermixed in the same crystal; the same interlayer stacking angle, e.g., +60 ~ or -_+ 120 ~ must be found between all layers for layer shifts along X (similar to the micas), and the layers must have ideal hexagonal geometry, trioctahedral compositions, and no cation ordering. With these assumptions Bailey (1969) derived 12 unique trioctahedral 1:1 polytypes, plus four
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Figure 12. Observed and calculated precession photographs of type hOl illustrating differences between patterns of groups A-D for 1:1 layers. Direction of + X* can be chosen in three ways for the three polytypes within group A. Periodicities along Z* of the octahedral cation sets are indicated by tick marks. Specimens: group A is cronstedtite-3 T from Pribram, Czechoslovakia; group C is cronstedtite-1 T from Kizbanya, Romania; group D is cronstedtite-2H2 from Pribram, Czechos|ovalda, enantiomorphic structures, having periodicities between one and six layers along Z. Figure 10 shows the interlayer-shift vector patterns for the 12 standard polytypes. In all polytypes the initial 1:1 layer is oriented so the set II octahedra cation positions is occupied. For interlayer X shifts, the first a/3 shift is directed along -X I . For interlayer shifts along Y, the first b/3 shift is directed along -Y t -In Figure 10a interlayer shifts along X generale the same six vector patterns as for the micas, and the same structura! symbols are used. These are divided into group A (!M, 23/1, and 3T) and group B (2Or, 2M2, and 6/t) structures having octahedral periodicities along Z of about 7 and 14 ~, respectively. A fundamental difference exists between the mica polytypes and those of the serpentine-structure polytypes, of course, in that the vectors for the micas represent the positions of the upper tetrahedral sheet relative to the lower tetrahedral sheet within the same 2:1 layer due to the octahedral slant, whereas for 1:1 layers the vectors represent actual shifts between adjacent layers. It should be noted also that a 1:1 layer is not centrosymmetric and is thinner than a centrosymmetric 2:1 layer; thus, the resulting space groups and crystallographic/3 angles will be different. The vector patterns in Figures 10b and 10c generate six additional polytypes by interlayer shifts of zero or +_b/3. The upper group of three will be placed in group C (1 T, 2T, 3R) and the lower group of three in group D (2H1,2H2, and 6R 0. These groups also have octahedral periodicities along Z of about 7 and 14/~, respectively, due to occupation of the same set of positions in every layer in group C and a regular set I, set II alternation in group D.
Serpentines having rolled (chrysotile) or modulated (antigorite) structures cannot be correlated with the planar 1:1 polytypes because the curvature and tetrahedral inversions do not permit normal hydrogen bonding between layers.
Identification by single crystal precession films
Identification of single crystals of planar 1:1 polytypes follows most of the same rules as for the micas. Although many of the polytypes are based on a smallest unit cell that is primitive and of hexagonal shape (Figure 10) , a C-centered cell and orthohexagonal indices will be used for all structures in this section to facilitate comparison with the micas and chlorites. The strong k = 3n reflections, as indexed in this manner, exhibit a 7-/~ periodicity along Z* for the octahedral cations of groups A and C, but a 14-~ periodicity for groups B and D, as in Figure 11 . The hOl precession patterns (Figure 12 ) are quite different from one another and can be used to identify the four groups. This identification establishes the direction of interlayer shifts as +_a/3 in groups A and B and as zero or +b/3 in groups C and D, as well as the octahedral periodicity.
The intensities of the k = 3 n reflections are identical for the three polytypes within each group, if the compositions are identical. The weaker k § 3n reflections must be examined to determine the periodicity along Z* of the basal oxygen planes and, thus, to identify the individual polytypes within each group. Observed and calculated precession patterns of type Okl are shown in Figures 13 and 14 . The periodicity of the basal oxygen planes can be determined from the 02l and 04l row lines, except for the four polytypes (2Or, 2Ma, 2H~, and 6R1) in which a c-glide plane causes systematic extinctions of the diagnostic reflections. In these polytypes k ~ 3n reflections with h not equal to zero must Periodicities along Z* for basal oxygen planes are indicated by tick marks. See text for explanation of 2H1 and 6R1 patlerns. Specimens: 1 T is cronstedtite from Kizbanya, Romania; 2H~ is amesite from Postmasburg, Republic of South Africa; 2//2 is cronstedtite from Pribram, Czechoslovakia; 6R~ is amesite from the Dufek Massif, Antarctica. be examined (e.g., by hhlprecession films taken at + 60 ~ on the dial axis away from the Ok/film).
Identification by X-ray powder diffraction patterns
As in the micas, powder patterns can be used to classify a planar 1:1 mineral into one of the four groups A-D by means of the strong k = 3n reflections ( Figure  15) . Identification of the individual polytypes within each group is more difficult than for the micas because the diagnostic k ~ 3n reflections are weaker than in the micas and random stacking of layers is more common. Trioctahedral 1:1 structures having regular stacking of layers also can be disordered by grinding, so it is advisable to eomminute the material by filing or dicing or to simulate the powder pattern of an unground particle or crystal using a Gandolfi camera. Table 2 lists the d-values and powder intensities for groups A-D for the k = 3 n (orthohexagonal indexing) reflections calculated on the basis of ideal atomic coordinates and a Mg-rich composition. Table 2 should be used to identify the four groups A-D. Note that the d-values for group A based on a monoclinic-shaped unit cell are different from those in the other three groups. Table 3 lists the d-values and calculated intensities of the k ~ 3n (orthohexagonal indexing) reflections that are diagnostic for the polytypes within each group. Within groups C and D the rhombohedral structures 3R and 6R~ have d-values different from those from structures based on trigonal-or hexagonalshaped unit cells (regardless of the indexing used). As in the micas, single crystals are necessary for differentiating 1M from 3 T and 2M2 from 6H for trioctahedral, undistorted structures. The positions and intensities of the strong k = 3n plus the weaker k ~ 3n reflections, however, serve to identify all of the other polytypes uniquely.
More complex stacking sequences of 1:1 layers result if different interlayer stacking angles (e.g., +_60 ~ and _ 120*) occur in the same crystal for interlayer shifts along X or if different layer stacking modes (e.g., zero shifts and b/3 shifts) occur in the same crystal. Identification of these structures requires comparison of observed d-values and intensities with those calculated for specific stacking sequences. Examples of these complex sequences appear to be rare. Figure 15 . Gandolfi X-ray diffraction photographs of cronstedtite crystals illustrating differences between patterns of groups A, C, and D. Patterns taken with graphite-monochromated FeKa radiation, camera diameter 114.6 ram. Specimens: group A is 3 T polytype from Pribram, Czechoslovakia; group C is 1 T polytype from K.izbanya, Romania; group D is 2//2 polytype from Pribram, Czechoslovakia.
Kaolin-group minerals
For the micas the trioctahedral space groups and layer periodicities were found to apply without change for the dioctahedral species because the octahedral vacancy was always located in site A on the symmetry plane of the 2:1 layer. That is not the case for the dioctahedral 1:1 kaolin minerals kaolinite, dickite, and nacrite. The location of the octahedral vacancy in sites B or C that do not lie on the symmetry plane of the layer causes symmetry changes for all three minerals relative to the corresponding trioctahedral 1:1 structures. In addition, the layer periodicity along Z is changed for dickite and nacrite (Bailey, 1963) . X-ray diffraction identification of the kaolin-group minerals follows the same rules, however, as for their trioctahedral counterparts. Kaolinite and dickite are both based on the 1Mstacking sequence of layers and belong to group A. In well-crystallized kaolinite the vacancy is always at site B in all layers or always at site C (enantiomorphic structures). In dickite the vacancy alternates regularly between sites B and C in successive layers. These different positions of the octahedral vacancies create a resultant one-layer triclinic structure for kaolinite and a two-layer monoclinic structure for dickite. These differences are shown by the symmetry on single crystal patterns and by several additional reflections present in the powder patterns of dickite ( Figure 16 and Table 4 ). In nacrite the sequence of layers is that of the standard 6R~ polytype of group D and, thus, its X-ray diffraction pattern is considerably different than those of kaolinite and dickite. The pattern of vacancies in sites B and C in adjacent layers reduces the symmetry of nacrite from rhombohedral to monoclinic and allows selection of an inclined Z axis that has true two-layer periodicity.
CHLORITE POLYTYPES
Derivation of standard polytypes
The chlorite structure consists of negatively charged 2:1 layers which are compensated and bonded together Table 2 . X-ray powder diffraction intensities of k = 3n reflections for serpentine-structure groups. The non-diagnostic reflections of index 001 and 061 are not included. Intensities calculated on basis of ideal atomic coordinates, Mg-rich compositions, and random particle orientation. Modified from Bailey (1969) .
by positively charged interlayer hydroxide sheets. The interlayer sheet must be positioned to provide long hydrogen bonds to the basal oxygen surfaces of the adjacent 2:1 layers. Differences in the orientation (slant) and position of the interlayer sheet relative to the 2:1 layers account for most of the structural variability in chlorite.
Most chlorites have a semi-random stacking of layers, and most of those with regular stacking have onelayer periodicity along Z. For these most common samples each layer is the same, and the variations possible within each 2:1 layer can be neglected. It will be assumed that the set I octahedral positions are occupied in each 2:1 layer and that the a/3 intralayer vector is directed along -Xj, exactly as in the micas. The interlayer sheet can contain cations either in octahedral set I or set II positions (Figure 17a ) and will have a resultant orientation or slant which is either parallel or opposite, respectively, to that of the octahedral sheet within the 2:1 layer. Positioning of the interlayer sheet to provide hydrogen bonding causes interlayer cations to superimpose in projection onto tetrahedral cations in the adjacent 2:1 layers in position a or to be offset in projection in position b (Figure 17b ). Bailey and Brown (1962) showed six possible layerinterlayer assemblages or 14-A structural units that are theoretically possible in either semi-random stacking of layers or in regular one-layer chlorites. The structural symbols used here are a slight modification of those of Bailey and Brown and employ a number I or II for the orientation of the interlayer sheet (assuming a I orientation for the octahedral sheet within the 2:1 layer) plus the letters a or b to indicate the position of the interlayer sheet relative first to the 2:1 layer below and then to the layer above. The six different structural groups are designated Iaa, Ibb, IIaa, IIbb, Iba (=Iab) , and IIab (=IIba) . If the interlayer sheet is positioned symmetrically relative to the layers below and above (aa or bb), only one letter is necessary in the symbol. Table 3 . Diagnostic X-ray powder diffraction spacings and intensities of k ~ 3n reflections for polytypes of serpentinestructure types. Intensities calculated on the basis of ideal atomic coordinates, Mg-rich compositions, and random particle orientation. Indices are all of type k ~ 3n if indexed on orthohexagonal axes, but true indices based on the ideal space groups are listed here. Figure 16 . Debye-Scherrer photographs of three kaolin minerals. Patterns taken with graphite-monochromated CuKa radiation, camera diameter 114.6 ram. See Table 3 angles (e.g., Ibb, /3 = 90~ Iba, /3 = 97~ This modification of the symbols emphasizes the difference between the symmetric and asymmetric cases, which is important for stability considerations.
For regular one-layer chlorites the position of the second 2:1 layer relative to the interlayer should be indicated more precisely by a number 1 to 6 which specifies the position of the center of a hexagonal ring in the lower surface of the upper 2" 1 layer relative to the interlayer sheet below and to the symmetry plane of the lower 2:1 layer (Figure 17c ). For each of the six layer-interlayer groups two different regular-stacking one-layer chlorites exist. One will have monoclinic symmetry corresponding to location of the hexagonal ring above positions 1 or 2 which lie in projection on the symmetry plane of the lower layer, and the other will have triclinic symmetry for locations above positions 3-6 which lie offthe symmetry plane (positions 3 to 6 give either equivalent or enantiomorphic triclinic structures). The shapes of the unit cells, as contrasted with their symmetries, may be orthorhombic, monoclinic, or triclinic. Bailey and Brown (I 962) gave details as to space groups, crystallographic angles, and atomic positions for all 12 structures. Lister and Bailey (1967) considered the more complex case of regular two-layer structures, in which an extremely large number of regular structures are possible.
Identification by single-crystal precession films
The six layer-interlayer groups can be distinguished readily by means of their strong k = 3n reflections. (Figure 19 ). T h e periodicity along Z * is always one-layer or about 14 ,g, for b o t h k = 3n a n d k * 3n reflections.
For s e m i -r a n d o m stacking o f layer a n d interlayer the k ~ 3n spots degenerate into c o n t i n u o u s streaks, but the k = 3n reflections usually r e m a i n sharp a n d allow identification o f the relative layer to interlayer relat i o n s h i p s (Figure 20) . Thus, c o m p l e t e r a n d o m n e s s o f stacking does not exist, h y d r o g e n b o n d i n g is m a i n - Table 5 . Diagnostic X-ray diffraction reflections and unit-cell parameters of chlorite minerals. (Peacor et al., 1988) . The presence of Ca between the layer and interlayer in the latter structure plus a dioctahedral, distorted interlayer change the diffraction intensities (Figure 21 ) greatly relative to that expected for a true IIaa chlorite (Figure 18 ).
For regular stacking in multi-layer chlorites, the periodicity along Z is usually noted in the k v~ 3n reflections, and the periodicity of the k = 3n reflections does not change (i.e., the latter show one-layer periodicity only). A few examples, however, are known in which the octahedral cation positions alternate regularly in adjacent layers and interlayers to give a two-layer 28-~ periodicity for k = 3n reflections both for regular and semi-random stacking (Figure 22 ).
Identification by X-ray powder diffraction patterns
Identification of the six possible layer-interlayer groups can be made equally well by X-ray powder diffraction patterns because they are differentiated by the strong k = 3n reflections. The k v~ 3n reflections tend to be very weak and may not always be visible. Even if visible, the positions and intensities of these k ~ 3n reflections do not differ enough between the monoclinic and triclinic polytypes of each group to permit their differentiation by powder patterns. Observation of these reflections, however, does confirm the regularity of layer stacking and may permit differentiation of l-layer from multi-layer sequences. Grinding may destroy any regularity of stacking present and may even change the layer-interlayer type (e.g., from Ibb to Iba to Iaa; Shirozu, 1963) . Figure 23 illustrates powder patterns for semi-random stacking of layers, and Table 5 Table 4 for d-values and intensities of marked lines. From Bailey (1980) .
Dioctahedral sheets
The octahedral sheets within the 2:1 layer and in the interlayer space may both be of dioctahedral composition (termed dioctahedral chlorite; example donbassite), be dioctahedral within the 2:1 layer but trioctahedral within the interlayer sheet (termed di,trioctahedral chlorite; examples cookeite and sudoite), or be trioctahedral within the 2:1 layer but dioctahedral within the interlayer sheet (termed tri,dioctahedral; example franklinfurnaceite). As for most other dioctahedral layer silicates, there is greater tendency for regularity of stacking of layers and for two-layer periodicity in such chlorite species. Examples are known in which the symmetry of the trioctahedral counterpart is retained, as well as examples in which the locations of the octahedral vacancies reduce the symmetry. Information regarding the dioctahedral or trioctahedral nature of the octahedral sheets is contained in the resultant d(060) value and in the inten-sities of the strong k = 3n reflections. Elucidation of the latter, however, is more complex than can be given here.
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